The first gas-phase infrared spectra of silicon monoxide cations (SiO) n + , n = 3-5, using multiple photon dissociation in the 550-1250 cm À1 frequency range, are reported. All clusters studied here fragment via loss of a neutral SiO unit. The experimental spectra are compared to simulated linear absorption spectra from calculated low energy isomers for each cluster. This analysis indicates that a ''ring'' isomer is the primary contributor to the (SiO) 3 + spectrum, that the (SiO) 4 + spectrum results from two close-lying bicyclic ring isomers, and that the (SiO) 5 + spectrum is from a bicyclic ring with a central, fourfold-coordinated Si atom. Experiment and theory indicate that the energies and energetic orderings of (SiO) n + isomers differ from those for neutral (SiO) n clusters.
Introduction
Silicon-oxide nanoparticles are important constituents of the interstellar medium, since they act as catalysts for chemical reactions 1 and nucleation centers for planetesimal formation. 2 Silicon particles or silicon-oxide clusters containing Si-Si bonds are also candidates for the source of the intense extended red emission (500-800 cm
À1
) and UV-Vis extinction observed in the interstellar medium. 3, 4 Because SiO is the most abundant oxygen-bearing species in interstellar clouds, it has been proposed that formation of small silicon monoxide clusters, (SiO) n , is the first step toward the formation of silicon-containing structures. 5, 6 However, the subsequent steps toward silicon (Si) n and silicates (SiO 2 ) n are not well understood. Recently, silicon monoxide clusters have drawn attention in the field of nanotechnology as they play a crucial role in the growth of silicon nanowires. [7] [8] [9] High yields of silicon nanowires surrounded by SiO 2 sheaths were obtained from evaporation or laser vaporization of mixed Si/SiO 2 powder and of pure SiO. The highest yield was obtained with targets containing equal amount of silicon and oxygen, highlighting the importance of small (SiO) n clusters in the early steps of the process. 7 Several theoretical studies on (SiO) n have shown that for n Z 5, formation of isomers containing a Si core (i.e. at least one Si-Si bond) surrounded by a SiO 2 layer is energetically favored. [10] [11] [12] Such segregation of silicon and oxygen in (SiO) n and subsequent fragmentation 10, 13 of these clusters could therefore account for the formation of both silicates and silicon structures.
In this paper, we report the first gas-phase infrared (IR) spectra of silicon monoxide cluster cations, (SiO) n + with n = 3-5, using multiple photon dissociation spectroscopy. Although silicon monoxide clusters have been the subject of several theoretical studies, [10] [11] [12] [13] [14] [15] [16] only limited experimental information is available. Neutral (SiO) n clusters with n r 3 have been studied with IR and Raman spectroscopy in rare-gas matrices by Ogden and co-workers. [17] [18] [19] Analysis of these spectra indicated a planar, D 3h ring structure for (SiO) 3 , a result borne out by the more recent calculations. Photoelectron spectra of the anion clusters (SiO) n À , n = 3-5 measured by Wang et al. 20 showed electronic bands that were interpreted in terms of ring structures for all three anion clusters as well as for the neutrals created by photodetachment. The experiments and supporting theory reported here, however, indicate more complex structures for the cations, particularly for the n = 4 and 5 clusters, where the lowest energy isomers appear to be bicyclic rings.
Experimental and theoretical methods
Experiments were performed on a new tandem mass spectrometer-ion trap system using radiation from the broadly tunable Free Electron Laser for Infrared eXperiments (FELIX). 21 The new instrument will be described in detail elsewhere. Its principle of operation is similar to the instrument 22 that we used previously at FELIX. Silicon monoxide cations, (SiO) n + , were produced by laser vaporization of a pure silicon target in the throat of a 0.1% O 2 -He gas supersonic expansion at 10 Hz. The ion beam was then collimated in a He-filled ion guide and mass-selected in a quadrupole mass filter. Mass-selected clusters were guided into a cryogenically cooled radio frequency ring electrode trap filled with continuously flowing He. Through many collisions with the He buffer gas, the ions were decelerated, trapped and cooled. With the present setup, internal (rotational) cluster temperatures of B70 K are typically reached, determined by analysis of the rovibrational band contour of the n 3 mode of NH 2 + ÁAr. (SiO) n + clusters were trapped and allowed to cool for at least 10 ms prior to irradiation with a single 5 ms FELIX macropulse. The macropulses were produced at 5 Hz with typical energies of 10-40 mJ and a bandwidth of B0.6 full width at half maximum (FWHM) of the central wavelength. Resonant absorption of the IR radiation resulted in multiple photon dissociation (IRMPD) of the parent ion 23 and was detected by extracting the irradiated ions into a time-of-flight mass spectrometer and measuring the extent of fragmentation. IR spectra were measured in the range 8-20 mm (1250-500 cm
À1
).
To aid in the interpretation of the spectral features, electronic structure calculations at the B3LYP/cc-pVTZ level of theory were performed with the GAUSSIAN 03 package. 24 For each cluster size, 10-15 different isomers were optimized. Harmonic frequencies and linear IR intensities for the lowest energy structures were then calculated.
Initial geometries were based on the extensive study of neutral structures by Lu et al., 10 who performed both MP2 and B3LYP calculations with a 6-31G(d) basis set, and on our knowledge of chemical bonding in silicon oxide clusters. Lu et al. found that MP2 and B3LYP calculations gave nearly the same energetics for several clusters, thus justifying the use of B3LYP for optimizing the large number of structures explored in their study. We have assumed that a similar situation applies to cationic silicon oxide clusters. We used a larger basis set than Lu et al., but found only small differences in cation structures, energetics, and spectra using the smaller 6-311G* basis set. As an additional check, we calculated the B3LYP/cc-pVTZ harmonic frequencies and IR intensities of neutral (SiO) 3 and found very good agreement with the available experimental spectra. 17, 19 3 Results and analysis Experimental IRMPD spectra of (SiO) 3 + , (SiO) 4 + and (SiO) 5 + are presented in the top panel of Fig. 1-3 . For all the clusters studied here, the only observed fragmentation channel upon absorption of IR radiation is the loss of one SiO unit from the parent ion:
The absence of other fragments suggests that the clusters were not composed of O 2 molecules adsorbed onto silicon clusters. The spectra in the top panels of Fig. 1-3 represent the intensity of the (SiO) nÀ1 + fragment signal as a function of IR frequency. Each spectrum shows two or more bands between 900 and 1100 cm À1 , and additional features between 600 and 700 cm À1 . For each (SiO) n + cluster, the three lowest energy isomers found from electronic structure calculations are presented in the three lower panels of Fig. 1-3 ; these frequencies have been assigned to degenerate E 0 stretching vibrations, for a structure comprising a six-membered ring with alternating Si-O bonds and D 3h symmetry. 17, 19 Our calculations find that while the lowest energy structure of (SiO) 3 + , structure 3a, is a planar ring, it is less symmetric than the neutral, with C 2v rather than D 3h symmetry. The calculated frequency at 600 cm À1 for a Si-O-Si stretch matches that of peak A. In the simulation, the lower symmetry for the cation splits the higher frequency degenerate vibrations into a doublet at 830 and 914 cm À1 . In addition, a O-Si-O bend vibration becomes IR active at the lower symmetry, yielding an intermediate third peak at 845 cm
. It thus appears that peak A comes from structure 3a, and while the match between peak B and C and the simulated peaks is far from perfect, the frequencies and intensities of the simulated peaks depend strongly on the extent of distortion from D 3h Fig. 1 Experimental and calculated spectra for the (SiO) 3 + cluster.
The experimental IRMPD spectrum (top panel) was recorded by measuring the intensity of the (SiO) 2 + fragment. Calculated (B3LYP) structure and linear absorption spectra for the three lowest energy isomers are shown in lower panels. Black and white circles represent oxygen and silicon atoms, respectively. The calculated stick spectra were convoluted with a Gaussian line function (25 cm symmetry in the cation. In fact, the cation most likely experiences either dynamic or static Jahn-Teller distortion, leading to inaccurate frequencies from the type of harmonic analysis used in our simulated spectra. Contributions from other low-lying isomers must also be considered. The lower panels in Fig. 1 show simulated spectra from the ''book'' isomer (3b) at 0.39 eV, and the ''kite'' (3c) at 0.41 eV. The most intense feature in the simulated spectrum for the kite structure at 1130 cm À1 is close to the experimental peak C; this frequency corresponds to the antisymmetric stretch vibration of the O atom in the ''tail'' of the kite. The book structure 3b has a strong transition at 890 cm À1 , close to the experimental peak B. There are strong transitions in the 700-850 cm À1 region of the simulated spectrum of these isomers that are not seen in the experiment, arguing against additional contributions from these structures. However, since deviations from the linear absorption intensities are not uncommon for this type of IRMPD spectroscopy, the presence of isomer 3c cannot be completely ruled out. We thus attribute the (SiO) 3 + spectrum to originate mainly from structure 3a, with the caveat that a more sophisticated vibrational analysis is needed to confirm our assignment.
The (SiO) 4 + experimental spectra (top panel, Fig. 2 ) shows five broad features centered around 700, 870, 930, 1040 and 1100 cm À1 . The lowest energy (SiO) 4 + isomer, structure 4a, found in our calculations comprises a central Si atom tetrahedrally coordinated to four oxygen atoms and shared between a four-and a five-membered ring. The larger ring contains a 2.98 Å Si-Si bond, which is presumably a rather weak interaction given that the equilibrium bond length in Si 2 is 2.246 Å . 25 The next isomer, 4b, lying 0.21 eV higher in energy, has a SiO unit common to a six-and a four-membered ring. This structure is a bridged version of the single buckled ring isomer which was found to be 0.54 eV higher in energy. This last isomer was found to be the minimum structure on the neutral surface, [10] [11] [12] [13] 15, 16 and also resembles the lowest energy structure, 3a, calculated for (SiO) 3 + in Fig. 1 . The calculated peak at 1090 cm À1 for structure 4a and the three peaks at 840, 920 and 1010 cm À1 for structure 4b match peaks in the experimental spectra, suggesting that we are observing a signal from both isomers. Note that the lower frequency peaks at 750 and 650 cm À1 for 4a and 4b, respectively, overlap with the broad experimental feature covering 600-750 cm
. Contributions of multiple isomers may account for the more congested appearance of the (SiO) 4 + experimental spectra compared to the two other clusters studied under the same conditions.
The electronic structure calculations show that the peak at 1090 cm À1 from structure 4a corresponds to antisymmetric The experimental IRMPD spectrum (top panel) was recorded by measuring the intensity of the (SiO) 3 + fragment. Calculated (B3LYP) structure and linear absorption spectra for the three lowest energy isomers are shown in lower panels. Black and white circles represent oxygen and silicon atoms, respectively. The calculated stick spectra were convoluted with a Gaussian line function (25 cm À1 FWHM). stretch motion of the O atoms in the larger ring, while the smaller peak around 750 cm À1 is from antisymmetric stretching of the O atoms in the smaller ring. The higher frequency vibration is similar to the ''kite tail'' vibration in structure 3c. In structure 4b, the peaks at 1016 and 924 cm À1 correspond to the antisymmetric and symmetric stretch motion of the oxygen atoms in the larger ring, while the peaks at 840 and 647 cm
are associated with the doubly and triply coordinated oxygen atoms of the smaller ring. The (SiO) 5 + experimental spectrum in Fig. 3 exhibits a doublet around 600 cm À1 , a more intense peak (or two peaks) at 700 cm À1 , a weak feature at 890 cm
, and three or four intense overlapped features between 970 and 1100 cm
. The lowest energy calculated structure, 5a, has a tetrahedrallycoordinated Si atom common to a four-membered and a sixmembered ring, with a 2.96 Å Si-Si bond in the smaller ring. In order of descending frequency, the three major calculated peaks for 5a correspond to antisymmetric O atom stretching in the five-membered ring, antisymmetric O atom stretching in the six-membered ring, and bending motion of the two O atoms in the larger ring adjacent to the Si atom. The calculated energy of 5a is substantially lower than that of structures 5b (0.68 eV) and 5c (0.76 eV), which are also double-ring structures with Si and SiO cores, respectively. Structure 5b resembles 5a except that the central Si is bonded to a Si atom in the five-membered ring instead of an O atom. The 2.63 Å Si-Si bond in 5b is also significantly shorter than in 5a. In contrast to the situation for the smaller clusters, the (SiO) 5 + experimental spectrum is matched reasonably well by that of the lowest energy calculated structure, consistent with the larger energy gap relative to the next lowest-energy structures. However the presence of the 5b and 5c isomers cannot be ruled out since their calculated spectra also agree relatively well with the experiment.
Discussion
There are several noteworthy trends in the experimental spectra. First, both experiment and theory indicate that the energetics of the considered cation isomers and even their ordering are different than their neutral counterparts. For neutral (SiO) 3 , as discussed above, the lowest energy calculated structure by Lu et al.
10 is a planar ring with the next lowest, a ''kite'' structure, lying 1.523 eV higher. For the cation, the kite structure 3c lies only 0.41 eV above the ring, which is still found to be the lowest energy isomer, even if it is distorted in the cation. The preferred structures for (SiO) 4 + and (SiO) 5 + both contain a central, tetrahedrally-coordinated silicon atom bound to four oxygen atoms and a Si-Si bond on the periphery, and these structures account for some, if not all, of the experimental spectral features. In contrast, the lowest energy calculated structure for (SiO) 4 is a non-planar ring similar to 4c, for which there is little evidence in the experimental spectrum. For neutral (SiO) 5 , the lowest energy structure looks like 5b, while 5a, the apparent cation ground state, lies 0.39 eV higher. The significance of this result is that there is a central Si-Si bond in 5b but not 5a. In the neutral clusters, this bond is predicted to evolve into a segregated Si n core in larger clusters. 11, 12 Second, while we have assigned the n = 3 and 5 to single cation isomers, two cation isomers are required to fit the n = 4 spectrum. This result may reflect the isomer energetics, in that the calculated gap between the lowest and second lowest energy isomers is considerably smaller for n = 4 than for the other clusters, resulting in more excited isomer population for n = 4. Nonetheless, the apparent contribution of multiple (SiO) 4 + isomers suggests that the cluster populations are well out of thermal equilibrium, given an ion temperature of B70 K. The structural differences between the two isomers are significant, and the clusters most likely have a complex potential energy landscape with substantial barriers to isomerization, so thermalization of the ions to room temperature in the ion guide may not be sufficient to overcome the barriers separating individual isomers. As a result, each isomer may act as a separate chemical species in the trap and cool to the bottom of its corresponding local minimum on the potential energy landscape. In an extensive study of vanadium oxide cluster ions, 26 little evidence was found for the presence of multiple isomers using a similar cluster production/cooling scheme, indicating the barriers to isomerization in small SiO cluster cations may be significantly greater than those in vanadium oxide cluster ions.
In conclusion, we have measured the first gas-phase IR spectra of silicon monoxide cations (SiO) n + , n = 3-5, using IRMPD spectroscopy in the 550-1250 cm À1 frequency range. Comparison with the characteristic absorption regions identified by electronic structure calculation indicates that the cations have different structures than their neutral counterparts. However, exploration of the lower frequency region (300-600 cm À1 ) as well as rare-gas tagging might be necessary to pinpoint the exact structure of these species. It will also be of interest to perform experiments and electronic structure calculations on larger cluster cations to see if a Si n central core eventually arises, since its presence would facilitate the formation of enriched silicon and silicate structures from silicon monoxide clusters. Such a mechanism could be involved in the transformation of SiO molecules to silicon-containing structures in the interstellar medium. 11 Calculations on larger clusters may require a comprehensive search of the potential energy surface using a genetic algorithm to make sure that the global minimum is found, similar to the case of Al 8 O 12 + . 27 
